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ABSTRACT 

We present an analysis of 109 moderate-luminosity (41.9 < log L . 5-8.0 kcV < 43.7) AGN in the 
Extended Chandra Deep Field-South survey, which is drawn from 5,549 galaxies from the COMBO-17 
and GEMS surveys having 0.4 < z < 1.1. These obscured or optically-weak AGN facilitate the study 
of their host galaxies since the AGN provide an insubstantial amount of contamination to the galaxy 
light. We find that the color distribution of AGN host galaxies is highly dependent upon (1) the 
strong color-evolution of luminous (My < —20.7) galaxies, and (2) the influence of ~ 10 Mpc scale 
structures. When excluding galaxies within the redshift range 0.63 < z < 0.76, a regime dominated by 
sources in large-scale structures at z = 0.67 and z = 0.73, we observe a bimodality in the host galaxy 
colors. Galaxies hosting AGN at z > 0.8 preferentially have bluer (rest-frame U — V < 0.7) colors 
than their z < 0.6 counterparts (many of which fall along the red sequence). The fraction of galaxies 
hosting AGN peaks in the "green valley" (0.5 < U — V < 1.0); this is primarily due to enhanced AGN 
activity in the redshift interval 0.63 < z < 0.76. The AGN fraction in this redshift and color interval 
is 12.8% (compared to its 'field' value of 7.8%) and reaches a maximum of 14.8% at U — V ~ 0.8. 
We further find that blue, bulge-dominated (Sersic index n > 2.5) galaxies have the highest fraction 
of AGN (21%) in our sample. We explore the scenario that the evolution of AGN hosts is driven 
by galaxy mergers and illustrate that an accurate assessment requires a larger area survey since only 
three hosts may be undergoing a merger with timescales < 1 Gyr following a starburst phase. 
Subject headings: quasars: general, galaxies: active, galaxies: evolution, X-rays: galaxies, large-scale 
structure of universe 



1. INTRODUCTION 

There has been remarkable evidence found in the last 
few years that the evolution of supermassive black holes 
(SMBHs) and galaxies are inextricably linked. For in- 
sta nce, ultraluminous infr ared and submillimeter galax- 
ies ([Alexander et al.ll2005l ). with prodigious rates of star 
formation, show a high fraction of AG N activity. Cur- 
rcnt models of galaxy evolution (e.g., iDi Matteo et al.l 
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[20051 : iHookins et al J 120051 : iSoringel et al.ll2005br ) demon- 
strate that merger-driven feedback from an AGN may 
quench star formation, contributing to the order-of- 
magni tude decline in the cosmic SFR and QSO emis- 
sivitv dBovle fc Terlevichlll998t iFranceschini et alJl!999t 
iMerloni et al.l 120041 ) observed between z ~ 1 and the 
present day. This self-regulated growth may then es- 
tablish the correlation between the mass of the central 
black hole and the stellar velocity dispersion of the host 
bulge dFerrarese fc Merrittl l2000l: iGebhardt et"aL1 120001 : 
iTremaine et al.ll2002D . ~ 

A clear imprint of this scenario may be evident in 
the properties (e.g., color and morphology) of the host 
galaxies of AGN caught at early epochs in their evo- 
lution. Much effort has been unde rtaken to detect the 
hosts of nearby bright QSOs (e.g.. iBahcall et al.l 1 19971 : 
Uahnke et aT1l2004al i lMcLure et al ll2004h though this en- 
deavor remains challenging. Surveys of obscured AGN, 
selected through various means (e.g., optical emission 
lines, X-rays, or reradiated infrared emission), offer the 
potential to measure cleanly the ages, stellar populations, 
and star-formation rates of these host g alaxies (e.g., 
ISturm et afl2006h . iKauffmann et all (|2003l ) clearly show 
that the hosts of narrow emission line AGN (z < 0.3) 
in the Sloan Digital Sky Survey (SDSS) are predomi- 
nately massive, early-type galaxies and that those with 
the most-luminous AGN have significant star formation 
with younger mean stella r ages. Deep X-ray surveys (see 
iBrandt fc Hasingerl2005l for a review) are generating sig- 
nificant samples of obscured AGN closer to the peak (z ~ 
1) of the global star- formation and merger rate of galaxies 
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([Hopkins et al Il2006bt iKartaltepe et~aT1l2007fh Recently, 
iNandra et all ()2007f ) have shown that the host galaxies of 
moderate-luminosity AGN with 0.6 < z < 1.4, found in 
the Extended Groth Strip, have a broad range of optical 
colors that span the same region of the color-magnitude 
relation as luminous (Mb < —20.5) galaxies. The preva- 
lence of AGN host galaxies within the region separating 
the blue and red galaxy populations may lend support 
for the importance of AGN feedback since this location 
is thought to represent a transitional phase in the evolu- 
tion of galaxies. 

It is of much interest to constrain observationally 
whether environment plays a significant role in the 
growth of SMBHs as expected by merger-driven accre- 
tion models. Observational support for the importance of 
mergers is mainly based on circumstantial evidence: (1) 
AGN pred ominately reside in mas sive, early-type galax- 
ies (e.g., [Kauffmann et alj l2003f) . of which many are 
massive ellipticals, well thought to be the end-product of 
a major-merger between gas-rich disk galaxies, (2) ultra- 
luminous infrared galaxies, that are morphologically dis- 
turbed in almost all cases, have a high fraction (~ 50%) 
of AGN activity and large molecular gas conce ntrations 
in their nuclei (see ISanders fc Mirabel Il996f h Stud- 
ies of low-redshift (z < 0.3) AGN from the SDSS in- 
dicate that the fraction of galaxi es harboring AGN is in- 
dependent of environment (e.g.. iMiller et alll2003f) even 
in the cores of massive clusters. For the most-luminou s 
narrow- line AGN in the SDSS (jKauffmann et all 120041 ). 
an AGN-fraction-density relation has been shown to ex- 
ist analogous to the SFR-density relation with a higher 
AGN fraction in low-density (i.e., 'field') environments. 
Both studies provide evidence counter to the expecta- 
tion that SMBH accretion is induced by galaxy mergers. 
Hard X-ray selected surveys, most effective at identify- 
ing obscured accretion at higher redshifts, also present 
disparate views on the relati onship between AGN ac - 
tivity and their environments. iGcorgaka kis et aT] (|2007f ) 
present preliminary results that demonstrate that X-ray 
selected AGN at z ~ 1 'avoid' underdense regions and 
those with blue (U — V < 1) hosts are found in denser 
environments, hinting at a connectio n to s tar forma- 
tion. On the contrary, iGrogin et al.l (|2005f ) find that 
AGN in the Chandra Deep Fields show no evidence 
for an environmental dependency based on similar AGN 
host morphologies and near-neighbor counts to the non- 
active galaxy population. The AGN fraction in clusters 
(|Martini et a l J 120061 I2007D. though higher than previ- 
ously determined ( Dressier &: Gunnlll983[ ), is not signif- 
icantly different than that in the 'field'; a different pic- 
ture m ay emerge at higher redshifts since lEastman et al.l 
(|2007f ) find significant evolution of the AGN fraction in 
clusters at z ~ 0.6. There is also evidence that larger 
scale (>0.1 Mp c) structures m ay play an important role 
in AGN fueling. iLi et al.l (|2006f) have measured the cross- 
correlation function of narrow-line AGN in the SDSS 
with a well-controlled sample of non-active galaxies, and 
find that AGN are primarily not associated with ma- 
jor mergers of galaxies, and preferentially lie within the 
densest peaks of t he underlying dark-matter distribution. 
iGilli et all (|2003f) find that 30% of the X-ray selected 
AGN in the 1 Ms CDF-S are located within narrow red- 
shift slices at z — 0.67 and z = 0.73 and spread across 
the full Chandra field-of-view (17' x 17'), which corre- 



sponds to a physical scale of 7.3 Mpc at z = 0.7. Similar 
structures are evident in the CDF-N (Ba rger et al.ll200"3l ) 
that may indicate the importance of large-scale (~ 10 
Mpc) structures to trigger mass accretion onto SMBHs. 

The Extended Chandra Deep Field-South (E-CDF-S) 
is an ideal survey field to use for investigating the proper- 
ties of galaxies harboring AGN and the role of environ- 
ment due to its remarkable multi-wavelength coverage. 
We have completed a 1 Ms Chandra Leg acy program 
(P.I.: W. N. Brandt; iLehmer et alj feOOSfi that covers 
a wide area (0.33 deg 2 ; three times area of the CDF- 
S) at the depths required to detect moderate-luminosity 
(Lx ~ 10 43 erg s _1 ) AGN, including those with signifi- 
cant obscuration, out to the quasar epoch (z ~ 2.5). The 
optical coverage of the E-CDF-S is extensive, providing 
large galaxy samples with a wealth of multi wavelength 
data For example, the COMBO-17 survey (jWolf et all 
l2004h has imaged the field with 12 narrow-band and 5 
broad-band optical filters thus providing magnitudes, ac- 
curate photometric redshifts (a z w 0.03) and galaxy SED 
types, that further aid in the identification of the X-ray 
source counterparts. Optical morphological information 
is available from the HST Advanced Camera for Sur- 
veys (ACS) observat ions via the GEMS dRix et al.l[2 004; 
lHaussler et all [2007h . GOODS dGiavalisco et alj \2004) 
and the HST Ultra Deep field (UDF: iBeckwith et all 
l2006h projects. Over 100 spectroscopic reds hifts are 
available via the CD F-S (ISzokolv et alj l200l, WPS 
dLe Fevre etafl I2001. K 20 (iMignoli et all 120051. and 
GOODS (|Vanzella et aT][2005l J2006h surveys. 

In this paper, we investigate the location of moderate- 
luminosity AGN, in the E-CDF-S, on the color- 
magnitude diagram and their relation to the underly- 
ing galaxy population using our current catalog of X- 
ray selected AGN with either spectroscopic or photo- 
metric redshifts. The E-CDF-S c ontains two prominent 
redshift spikes (jGilli et al.l 120031 ) enabling us to deter- 
mine the influence of ~ 10 Mpc structures on the over- 
all color-magnitude distribution. We discuss how our 
results fit in with the morphological properties of the 
sample and the impact on galaxy evolution models that 
incorporate AGN feedback to quench star formation ef- 
fectively. Throughout this work, we assume Hq = 70 km 
s- 1 Mpc" 1 , n A = 0.7, and n M = 0.3. 

2. DATA 

We select a parent sample of galaxies in the E-CDF-S 
using published catalogs from the COMBO-17 and 
GEMS surveys. The Chandra observations, covering the 
equivalent sky area, enable identification of those galax- 
ies that harbor moderate-luminosity AGN in a manner 
that is least biased against obscuration. Follow-up op- 
tical spectroscopy of these X-ray sources with the VLT 
facilitates the identification of AGN. As detailed below, 
our selection is tuned to generate a sample of galaxies 
hosting AGN for which the optical emission is dominated 
by the host galaxy; thus no further removal of AGN light 
(i.e., cleaning) is required for this study. By restricting 
ourselves to an initial optically-selected sample of galax- 
ies, we aim to measure the fraction of galaxies harboring 
AGN as a function of their intrinsic properties. 

2.1. Parent galaxy population 
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COMBO- 17 provides a highl y complete samp le of 
galaxies over the full E-CDF-S (|Wolf et all 12001 with 
well-known intrinsic properties (i.e., magnitudes and col- 
ors). The survey provides reliable object classifications 
(e.g., Galaxy, QSO, Star) and photometric redshifts by 
fitting synthetic template optical spectra to the observed 
magnitudes over a broad wavelength range (3500-9300 
A). The source catalog contains 8,565 objects with aper- 
ture magnitudes R ap < 24, a limit at which there are 
photometric redshift errors of S z /(1 + z) < 0.1. This 
magnitude limit ensures that our sample is representa- 
tive of galaxies of all colors with My < — 21 and z < 1, 
a limit that will be shown to be relevant for this study. 
Full details including source detection, photometry, ob- 
je ct classification, a nd redshift estimation can be found 
in IWolf et ail (|2004l ) . Morphological information is pro- 
vided by HST/AGS imaging of the field in both the 
F606W and F850LP filters (hereafter referred to Veo6 and 
z 85 o, respectively) from GEMS. Here, w e use the Sersic 
indices (n) given in Hausslcr et al.l (|2007t ) to discriminate 
between bulge and disk-dominated galaxies. 

We select a sample of 5,549 galaxies with photomet- 
ric redshifts of 0.4 < z < 1.1 from the G EMS z 850 -band 
selected catalog of Caldwel l et al.l (|2005f) that has been 
cross-referenced to objects in COMBO-17 (R ap < 24). 
This ensures that the sample can be used for morpholog- 
ical studies and allows an upper limit to be placed upon 
the optical contribution from each AGN to the color of its 
host galaxy. The sample includes only those objects that 
are classified as a 'Galaxy' and excludes those identified 
as a 'QSO'. This selection effectively avoids the presence 
of luminous type 1 AGN that severely dilute the emission 
from their host galaxies. The lower redshift limit is set to 
0.4 because this volume within the E-CDF-S is too small 
at lower redshifts to generate statistically useful samples 
of luminous (My < — 21) galaxies and hence those with 
AGN. Only two AGN have been unambigously identified 
at z < 0.4 that have L x ~ 10 42 erg s -1 . The redshift 
cutoff at 1.1 is the limit for which COMBO-17 no longer 
provides accurate source classification, and redshifts are 
susceptible to large uncertainties. We primarily use the 
rest- frame optical magnitudes (Mjj, My, V ega magni- 
tudes ), publicly available from COMBO-17 (|Wolf et all 
2004), derived from synthetic galaxy templates to mea- 
sure intrinsic luminosity and color. To compare with 
theoretical models (§ 16. 4p . we utilize the rest-frame u 
and r (SPSS) also pr ovided by COMBO-17. The errors 
(la; IWolf et al.ll200l on rest-frame magnitudes are typ- 
ically 0.11 (Mu) and 0.15 mag (My). Throughout this 
work, a representative error (la) on color (U-V) is de- 
termined to be 0.19 from the quadrature of the errors of 
the individual rest-frame magnitudes; this is most likely 
an ov erestimate s ince t hese magnitude errors are corre- 
lated. iBell et ail (|2004h report a typical error on U-V to 
be ~ 0.1 mag. 

2.2. AGN identification 

We compile a sample of AGN, based on their high X- 
ray luminosities, in the E-CDF -S by matching the 762 
Chandra point sources given in ILehmer et all |2005h to 
the available optical and near-infrared catalogs. We do 
not consider here the fainter X-ray sources solely de- 
tected in the 1 Ms CDF-S to maintain a fairly uni- 
form sensitivity across the entire E-CDF-S. Redshifts are 



available for 362 (48%) of the X-ray sources through ei- 
ther spectroscopic or photometric techniques. We signifi- 
cantly improve upon the 97 spectroscopic redshifts avail- 
able in the literature (ISzokolv et alj|2004t iLe Fevre et ap 
l200i iMignoli et all 1200.1 iVanzella et all 120051 . I2006h 
with 95 addi tional redshifts acqu ired by observations 
with VIMOS (|Le Fevre et al.ll2003D on the VLT through 
the ESO programs 072.A-0139 (P.I.: J. Bergeron; 65 red- 
shifts; Silverman et al. 2007) and 171.A-3045 (GOODS; 
P.I.: C. Cesarski; 30 redshifts; Popesso et al., in prepara- 
tion). Our VIMOS observations are unique since we have 
acquired spectra over a wide wavelength range (3600- 
9500 A) for many targets by observing with both the LR- 
blue and MRred grisms. With integration times reach- 
ing 5 hr, we are able to detect faint spectral features 
(e.g., [O II], Mg II, Fe II) in many of the host galaxies 
of obscured or optically-faint AGN that enable a red- 
shift measurement. A detailed discussion of the VIMOS 
observations will be provided in a subsequent paper (Sil- 
verman et al. 2007, in preparation). The X-ray lumi- 
nosity of each AGN is determined from their observed 
broad -band (0.5-8.0 keV) flux, given in ILehmer et al.1 
(2005), with a fc-correction based on a power-law spec- 
trum (photon index T — 1.9) and no correction for in- 
trinsic absorption. Here, we restrict the luminosity range 
to 41.9 < log L , 5-8.0 keV < 43.7. The lower luminosity 
limit is chosen to provide a robust sample free of any 
galaxies having significant X-ray binary or diffuse X-ray 
emission; luminous star burst galaxies in the Chandra 
Deep Fie lds are typically a factor of ~ 10 fainter (see 
Fig. 4 of iBauer et al. 2002). We also minimize potential 
luminosity-dependent effects since lower luminosity AGN 
would only be detected over a small fraction of the red- 
shift range (z — 0.4-1.1) considered here. The Chandra 
observations of the E-CDF-S are capable of detecting 
AGN at this lower luminosi ty limit up to z ~ 0.85 . Our 
upper limit is motivated bv [Silverman et ail (|2005l ) who 
show that the optical emission, associated with X-ray 
selected AGN at log vl v < 43.3 at E = 2 keV is pri- 
marily due to their host galaxy since there is a strong 
departure of these AGN from the known Z opt — lx rela- 
tion for more luminous X-ray selected AGN. We convert 
this limit to a broad-band (0.5-8.0 keV) X-ray luminosity 
of 10 43 7 erg s _1 assuming the same spectrum as given 
above. Furt hermore, our adopte d upper limit is simi- 
lar to that of lNandra et alj (|2007f ) who demonstrate that 
the host galaxies of moderate-luminosity AGN, at X-ray 
fluxes equivalent to those detected in the E-CDF-S, con- 
tribute the majority of the total optical emission. As 
detailed below, we have measured upper limits to the 
AGN contribution, using the HST/ ACS imaging of the 
field, and show that the optical emission, for the ma- 
jority of our sample, is dominated by the host galaxy. 
Optical spectra provide a final check on the AGN contri- 
bution with most sources clearly lacking any faint broad 
emission lines or a rising blue continuum. 

A cross-correlation of the X-ray and optical catalogs 
has indicated that 109 of the 5,549 galaxies have AGN 
with L x » 10 419 -10 43 - 7 erg s" 1 . Of these, spectro- 
scopic redshifts were available for 54 of these sources, 
16 (7 at z > 1) of which were from our VIMOS observa- 
tions. Rest-frame magnitudes for 12 galaxies were red- 
erived (C. Wolf, private communication) using COMBO- 
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17 tools since their spectroscopic redshifts differed sub- 
stantially from their photometric redshifts (Az > 0.1) 
that rendered their rest-frame optical magnitudes pub- 
lished by COMBO-17 as inaccurate. This is not sur- 
prising since seven of them have spectroscopic redshifts 
of z ~ 1, a regime where photometric redshifts for 
galaxies in COMBO-17 show a higher dispersion (see 
Figure 6 of I Wolf et all [2004). and lack strong contin- 
uum features (e.g., 4000 A break) most useful for ad- 
equate photometric redshift estimates. Our AGN sam- 
ple is primarily radio-quiet since only nine have a radio- 
loudness (R) greater than 10 (R = L 6 cm/^ 4400 j) based 
on 20cm VLA detections (Tozzi et al. in preparation) 
that reach a flux limit of 8.5 fiJy, optical emission at- 
tributed to the AGN (25%; see the following section) 
based on our i?-band optical magnitudes, and spectral 
indices (L u oc ^ ~ 7 ; i ra dio = .8, To ot = 0.5). We re- 
fer the reader to lRovilos et al.l (|2007h for further details 
on the radio properties of X-ray selected AGN in the 
E-CDF-S. We further note that an additional 31 AGN 
have redshifts and luminosities within our range of inter- 
est though fell out of the sample due to their faint optical 
magnitudes (R ap > 24). Our final sample of 109 AGN 
allows us to compare the properties of their host galaxies 
to the underlying galaxy population. 

2.3. AGN contribution to host-galaxy emission 

We are confident that the optical emission, from these 
109 galaxies hosting AGN, is dominated by star light 
and not strongly influenced by the AGN based on the 
following arguments. In Figure [TJ we show that there 
is no correlation between X-ray luminosity and either 
rest- frame magnitude (My; Pearson correlation coeffi- 
cient r = -0.036) or color (U — V\r = -0.233). T his is 
consistent with the results of iNandra et al.l (|2007f ) who 
show that only a weak correlation exists for X-ray sources 
at similar low X-ray and optical fluxes. The lack of any 
correlation in our sample is due to the fact that we delib- 
erately excluded the luminous (logix ^ 44) AGN and 
any objects classified by COMBO-17 as a "QSO". 

We determine conservative upper limits upon the AGN 
contribution to the total (galaxy + AGN) light using 
the HST/ ACS Vqqq and Zgso-band images provided by 
GEMS. These images, available from MAST (Multi- 
mission Archive at Space Telescope), hav e been through 
the m arkl processing as described in ICaldwell et al.l 
(|2005[ ). and are rescaled to 0.03" pixel -1 . A few AGN are 
not included in our analysis due to their proximity to the 
ACS field edge. Extended optical emission is clearly evi- 
dent for all 109 galaxies hosting AGN. Optical counts are 
measured without subtracting the background in circular 
apertures of two different sizes positioned at the centroid 
of the optical emission: (1) a small aperture with a ra- 
dius of 3 pixels (0.09") that con tains 50% of the flux from 
an unresolved point source (see lJahnke et al.ll2004rj) and 
corresponds to a physical scale of 0.48 [z = 0.4) to 0.74 
(z = 1.1) kpc, and (2) a larger aperture with a radius 
of 25 pixels (0.75"; covering a physical scale of 4.03-6.13 
kpc). The size of the larger aperture is set to that im- 
plem ented for flux extraction by COMBO-17 (jWolf et all 
2004). The counts within the small aperture provide a 
firm upper limit to the AGN contribution since we make 
no attempt to remove emission of stellar origin. For com- 
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Fig. 1. — (a) Rest-frame absolute magnitude (My) and (b) 
optical color (U — V) as a function of X-ray luminosity for our 
sample of 109 AGN (filled symbols). The type of marker denotes 
AGN within three separate redshift intervals (circles: z = 0.4-0.63; 
squares: z = 0.63—0.76; triangles: z = 0.76—1.1). Open symbols 
show higher luminosity AGN not included in our sample. A typical 
error bar of size ±1<t is placed in the upper right corner in both 
panels. 

parison, we measure counts in equivalent regions for the 
entire sample of 5,549 galaxies and 67 QSOs, which were 
identified by COMBO-17 and are not included in our 
parent galaxy sample. 

The number distribution of the AGN host galaxies 
as a function of the ratio of counts between these two 
apertures is shown in Figure [2] for both the V606-band 
(Fig. 2a) and zgso-band (Fig. 2b). Based on the Vqo§- 
band measurements, the mean ratio of counts of our 
AGN sample (solid histogram) is 0.14 and 81% of them 
have a ratio less than 0.2. The distribution is similar to 
that of the galaxies (dotted histogram), though shifted 
slightly by 0.04 (the difference of their median values), 
most likely due to the presence of optically-faint AGN. 
The host galaxy distribution is noticeably offset from 
that of the optically-selected QSOs, identified by spectral 
template fitting w ith no preference for point-like sources 
(jWolf et al J 12004( 1. that have a mean ratio of 0.48, and 
60% of them have a ratio greater than 0.5 most indica- 
tive of unresolved point sources. A number of low count 
ratio QSOs are evident due to the fact that COMBO- 
17 can recognize lower luminosity Seyfert-1 galaxies as 
QSOs if strong AGN features are present. Similar re- 
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Fig. 2. — AGN contribution to the total (AGN + galaxy) light. 
The abscissa is the ratio of source counts in HST/ ACS images be- 
tween a circular aperture of radius 0.09" and 0.75". In panel a, the 
V606-band count-ratio distribution is shown for 104 AGN (solid his- 
togram), 5521 galaxies (dotted), and 67 (dashed) optically-selected 
QSOs from COMBO-17. In panel b, the same is shown for the zsso- 
band (103 AGN, 5513 galaxies, 66 QSOs). QSOs from COMBO-17 
illustrate the typical count ratios for unresolved point sources. The 
galaxy number distribution in both panels has been scaled down 
to match the numbers of AGN host galaxies. The majority of the 
AGN host galaxies have > 80% of their total optical emission (in 
both the Vgo6 an d ^gso bands) outside the circular aperture of ra- 
dius 0.09" and have count ratios similar to the non-AGN galaxy 
population. 

suits are found for the 2850 _ band measurements, which 
suggests that color gradients are dominated by the host 
galaxies and not the underlying AGN. Since our sam- 
ple contains a large fraction of obscured AGN, there is 
a slightly larger contribution from AGN emission in the 
Z850 band compared to the Vf306 band, whereas the op- 
posite is true for the quasars. 

The maximum amount that an AGN could shift its 
host-galaxy rest-frame U — V color bluewards is esti- 
mated. We assume that an AGN contributes all the 
flux in the small (r = 0.09") aperture, the count ratio 
as detailed above is 0.2, and the background signal is 
negligible. This corresponds to an AGN contributing an 
additional amount of flux equal to 0.25 times the total 
host galaxy flux. We further consider an AGN to add 
flux to the J7-band only. While rest-frame UV emission 
is substantially diminished at A < 4000 A for a typ- 
ical galaxy, broad-line AGN (jVanden Berk et "all 120061 : 
iGavignaud et al.ll2006h have a strong rise in their contin- 
uum at these wavelengths effectively driving their color 
bluewards with increasing contrast between the AGN 
and its host-galaxy emission as evident in Figure [2] with 
the V(506 band distribution in panel a shifted higher than 
that in panel b. We note that the rest-frame £/-band is 



observed with the Veoe band for objects with z ~ 0.7. 
Based on these assumptions, color offsets for 81% of our 
AGN sample are within 0.24 mag. Furthermore, we do 
not expect our AGN to reach this value since a signif- 
icant amount of stellar emission is present in all cases 
within the small aperture and AGN light is also likely 
to be emitted at longer wavelengths. We note that if 
color offsets do reach this level, the contamination is still 
insufficient to displace AGN hosts from one region to 
another (e.g, "green valley" to the red sequence). It is 
more likely that the AGN contribute an additional ~ 4% 
to the total host galaxy flux based on the shift between 
the median count ratio of the AGN host galaxies and the 
full galaxy population described above. In §[51 we utilize 
optical spectra, which are available for 46 AGN, to fur- 
ther confirm that the AGN host galaxies provide most of 
the optical light (see Fig. [5] and thus supporting our 
general conclusions. 

3. REST-FRAME COLORS OF MODERATE-LUMINOSITY 

AGN 

We were motivated by recent studies (ISanchez et al.l 
12004 lB5hm et al.l 120061 : iNandra et aHl2007f ) to investi- 
gate further the color-magnitude (rest-frame U—V versus 
My) relation of galaxies hosting moderate-luminosity X- 
ray selected AGN. Since the host galaxies in our sample 
contribute most of the optical emission, as demonstrated 
in § [21 we do not need to remove the AGN component 
from the total (host + AGN) optical emission. We use 
the rest-f rame U — V (i.e.. Mjj — My) color up to z ~ 1, 
following iBell et aTl (|2004h . to quantify the color distri- 
bution with a greater sensitivity to the continuum slope 
across the 4000 A break than is provided by rest-frame 
U-B color. We note that I Wolf etafl (|2004f ) caution that 
the rest- frame measurement of My at z > 0.7 is based on 
an extrapolation of the best-fit galaxy template outside 
of the observed optical passbands in COMBO-17. For all 
results presented here, we have confirmed that the same 
basic conclusions are drawn by using the Mu and Mb 
rest-frame absolute magnitudes, thus removing the pos- 
sibility that our results are dependent on the assumed 
spectral template (i.e., ^-correction) . 

In Figure [3^, we plot the rest-frame colors (U — V) 
as a function of absolute V-band magnitude (My) for 
our galaxies, including those hosting AGN in the red- 
shift interval 0.4 < z < 1.1. We confirm past re- 
sults (jBarger et alj200AlBohm et alj2006tlNandra et all 
l2007f ) with better statistics: (1) a high fraction (80%) of 
moderate-luminosity AGN reside in the most-luminous 
(My < —20.7) galaxies, (2) the rest-frame colors of AGN 
host galaxies have a broad distribution, over the range 
< U — V < 1.5, with no apparent evidence for a color 
bimodality, as is disti nctively evident in the underlying 
population of galaxies (|Bell et al.ll2004D . and (3) the ma- 
jority (60%) of AGN host galaxies h ave bulge-dominated 
morphologies (Sersic i ndex n > 2.5; iBlanton et al.ll2003l : 
iMcIntosh et al.l l2005f ) as marked by small blue dots. 
Here, we further find that 31-44% of the AGN with 
My < —20.7 have blue colors, depending on the cho- 
sen division (0.6 < U — V < 0.8) between blue and re d 
galaxies (dashed line in Fig. [3K; see ISanchez et al1l2004| ). 
thus associating them with star-forming galaxies. This 
is not surprising since we have a fair number of AGN 
at z > 0.8, an epoch for which the mean star-formation 
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rate of galaxies has increased by an order of magnitude 
compared to the present value (e.g.. I Hopkins fc Beacoml 
120061: iNoeske et al.ll2007t IZheng et al.ll2007D . These re- 
sults are not strongly color biased since both red and blue 
luminous (My < —20.7) galaxies, out to z ~ 1, mainly 
fall a bove the magnitude limits (R ap < 24; iBell et all 
120041) shown by the blue lines in Figure [3^, (z = 0.8: 
solid; z = 1.0: dash-dotted). We note that some red 
(U -V > 1.0), less-luminous (-20.7 < M v < -21.3) 
galaxies at z > 0.9 may be missed. 

It is apparent that the color distribution of these AGN 
clearly depends on redshift as shown in Figure [3Jd. Here, 
we only consider luminous galaxies (My < —20.7) to 
minimize any color bias. In the redshift interval 0.4 < 
z < 0.63 (see Fig. |4^), the AGN tend to have red colors 
(U - V > 0.7) with a mean color (U - V) = 0.86 ± 0.10. 
Within the same redshift interval, the galaxies without 
AGN are also preferentially red. We find that 70% (14 of 
20) of the AGN and 62% (239 of 386) of the galaxies have 
these colors with most associated with the red sequence. 
In contrast, the mean color of AGN hosts in a higher 
redshift interval (0.76 < z < 1.1; Fig. gh) is (U - V) 
= 0.49 ± 0.08 with 29% (9 of 31) of the AGN having 
U-V> 0.7. A similar fraction (27%; 211 of 790) of lu- 
minous galaxies at these redshifts has these colors. The 



variance of each color distribution is similar (s 



0.2) 



Again, it is as expected that the majority of AGN host 
galaxies at z > 0.76 have blue colors (U — V < 0.7) since 
blue gala xies dominate the l uminous populat ion at these 
redshifts (|Wolf et alJ 120031 : IBell et alJ l200l . The null 
hypothesis, from a Kolmogorov-Smirnov (K-S) test (see 
iPress et al.lll993l ). has a probability of 2.4% that the dis- 
tribution of host galaxy colors in Figure and[4j; could 
be drawn from the same parent population. We have 
implemented further K-S tests to determine whether the 
AGN distributions could be drawn from the underlying 
galaxy population. In Table [H we give the results that 
show that the color distribution of AGN host galaxies in 
Figure Ha (P K -s = 0.79) and St (P K -s = 0.21) resem- 
bles that of the overall galaxy population. We conclude, 
based on these tests, that the host galaxies of moderate- 
luminosity AGN follow a similar passive evolution, or 
aging, as the underlying galaxy population migrates from 
blue to red colors with cosmic time. We note that AGN 
with spectroscopic redshifts, shown by a small blue dot 
in Figure [3Jd, confirm this trend. 

4. LARGE-SCALE INFLUENCES 

As previous ly men tione d, recent s tudies 
(iDi Matteo et all 120051 : ICroton et all 120061 : 
IHopkins et al.l l2006af T have attributed the trunca- 
tion of star formation and eventual redward migration 
of galaxies to merger-induced AGN feedback that effec- 
tively populates the red sequence w ith massive galaxies 
(jBell et al.ll200l iFaber et al.ll2006h . This scenario may 
explain the fair number of AGN host galaxies in our 
sample residing in the "green valley" (see Fig. [3^i) if 
they are preferentially located in overdense regions. 

In contrast to studies that characterize the environ- 
ment in terms of density local to AGN, we are utilizing 
the fortuitous structures in the E-CDF-S to search for 
large-scale effects. To do so, we specifically isolate a red- 
shift interval (0.63 < z < 0.76) dominated by two red- 
shift spikes (Fig.[3j}, vertical dotted lines at z = 0.67 and 



z = 0.73, each with Sz < 0.02; iGilli et al.ll200l evident 
in the 1 Ms CDF-S area, which appear to extend over the 
larger E-CDF-S area (Silverman et al. 2007). A larger 
fraction of AGN activity in gal axies within these large- 
scale structures was reported bv lGilli et alJ ((2003) albeit 
with limited significance (2a). Ideally, one would like to 
consider even narrower redshift intervals (8z ~ 0.02) to 
select galaxies cleanly within these spectroscopic redshift 
spikes, but we are restricted here by photometric red- 
shift errors. Approximately 80% of the galaxies within 
this redshift interval have errors in redshift (o~ z ) less than 
0.07 13 , a factor of two smaller than the chosen bin width 
(Az = 0.14). 

It is evident from Figure [3Jd that the majority of AGN 
within this redshift interval have colors (0.5 < U — V < 
1.0) placing them in the "green valley". Many of the 
AGN have spectroscopic redshifts, shown by the small 
blue dots, that confirm their presence within the narrow 
redshift spikes (Az < 0.02) and their rest-frame U — V 
colors that place them in the "green valley" (67%; 12 
of 18 AGN). We plot in Figure Eh the U - V color dis- 
tribution of both AGN and galaxies with My < —20.7 
that fall within this redshift interval. We have scaled the 
galaxy distribution to match the number of AGN. The 
color distribution of the host galaxies is clearly different 
from the underlying galaxy population. We find that the 
host galaxies of moderate-luminosity AGN are preferen- 
tially located at intermediate colors (U—V ~ 0.8) between 
the red and blue galaxy populations, and skewed toward 
blue colors. A K-S test 14 gives a probability of 6.6% that 
the AGN distribution could be randomly drawn from the 
underlying galaxy population and suggests that the dis- 
tribution of these 36 AGN is different from that of the 
669 underlying galaxies. 

There does not appear to be any strong selection ef- 
fects that could be responsible for the color distribution 
of AGN host galaxies within this redshift interval. Essen- 
tially, all of the AGN have optical luminosities well above 
the limit at z=0.8 shown in Figure [3^ by the solid, blue 
line. By isolating luminous (My < —20.7) host galaxies, 
there is clearly no color bias. This is an important point 
since the 4000 A break is moving through the i?-band fil- 
ter at z ~ 0.7 and red galaxies can potentially fall below 
the flux limit more rapidy than those with bluer colors. 
There should not be any problems associated with the 
use of COMBO-17 filters at these redshifts since both 
rest-frame Mjj and and My fall within the observable 
window, and multiple filters sample the galaxies' spectral 
energy distribution below and above the 4000 A break. 
Both surface brightness dimming and the use of a fixed 
photometric aperture can induce systematic changes in 
color with redshift. An increase in the contrast between a 
bulge and a disk, due to surface brightness dimming as a 
function of redshift, would typically redden its rest-frame 
color; this effect is of most concern when comparing col- 
ors over a wider redshift baseline. IBell et all (|2004h ad- 
dress aperture effects associated with COMBO-17 pho- 

13 Photometri c redshift errors are based on equation 5 of 
IWolf et al.l [2004) and a magnitude limit of 23.5. 

14 The results of additional tests between the color distributions 
of AGN hosts (AGN-AGN) in the three redshift intervals are re- 
ported in Table [T] We note that their significance is limited given 
the lack of a large comparison sample that effectively improves the 
AGN-galaxy comparisons. 
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Fig. 3. — (a) Rest-frame optical color (U — V) as a function of rest-frame absolute magnitude (My) for 109 galaxies hosting AGN 
compared to their parent sample of 5,549 galaxies with 0.4 < z < 1.1. Galaxies in the parent sample are marked with small black filled 
circles; those hosting X-ray selected AGN are highlighted by large red circles. The slanted blue lines denote the approximate limits for 
galaxi es with R ap < 24 at z = 0.8 (solid) and 2 = 1 (dash-dotted). The division between red and blue galaxies implemented bv lBell et al.l 
1120041) is shown by th e dashed line. AGN hosts classified as bulge-dominated (Sersic index 2.5—8) galaxies by the HST/ ACS morphology 
(Hausslcr et al. 2007) are marked with blue filled circles at the centers of the red circles. AGN with X-ray hardness ratios larger than 
0.2 (see § 16.41 1 are marked by open green squares in both panels. The typical error (±1ct) bar is shown in the bottom right corner, (b) 
Rest-frame U — V color versus redshift for the 2,044 most luminous (My < —20.7) galaxies. The vertical solid lines denote the redshift 
interval 0.63 < z < 0.76 with the dotted lines marking the redshift spikes at z = 0.67 and z = 0.73. In this panel only, smaller blue dots 
mark the AGN with spectroscopic redshifts. 



(a) 



6 - 



0.4 < z < 0.6J 



-0.5 0.0 




(u-v) 



rest-frame 



(b) 



6 - 



0.63 S z i 0.76 



0.0 0.5 

(u-v) res ,_, r< 



1 .5 



(c) 



).76 < z < 1. 



-C.b 



0.0 0.5 1.0 
(U-V) rest -f rame 



• .5 



Fig. 4. — Rest-frame color (U — V) histogram of galaxies that host AGN (solid line) with absolute magnitude My < —20.7 in three 
redshift intervals: 0.4 < z < 0.63 (a), 0.63 < z < 0.76 (b), 0.76 < z < 1.1 (c). For comparison, we have plotted, in all panels, the 
distribution of galaxies (dotted line) above this absolute magnitude and renormalized to match the number of AGN. Note that the peak of 
the distribution shifts from red to blue with increasing redshift for both galaxies hosting AGN and the underlying galaxy population. 



TABLE 1 

Statistical comparison of color distributions 



Note 



# AGN 



# galaxies 



K-S 



Redshift range 



AGN-galaxy (Fig. gK) 
AGN-galaxy (Fig. |4p) 
AGN-galaxy (Fig. gt) 
AGN (Fig. Bk)- AGN (Fig 
AGN (Fig. HM- AGN (Fig 



IS) 

Hp) 



20 
36 
31 



415 
669 
957 



AGN (Fig.|4p)-AGN (Fig. HJ;) 



79.4% 
6.6% 

20.6% 
2.4% 

13.4% 
0.2% 



0.4 < z < 0.63 
0.63 < z < 0.76 
0.76 < z < 1.1 
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tometry and state that an induced color gradient is only 
evident at z < 0.4, below the redshift range of our sam- 
ple, with a potential color offset of ~ 0.1 mag. There 
does exists the possibility that the color distribution of 
AGN hosts is the result of red and blue galaxies having 
roughly equivalent numbers at z ~ 0.7, coupled with our 
small AGN sample and sensitivity to cumulative biases 
though our statistical test suggests otherwise. 

5. AGN FRACTION 

We measure the fraction of galaxies that host AGN as a 
function of color and large-scale en vironment. We follow 
the technique discussed in § 3.1 of iLehmer et alj (|2007l ) 
to determine the AGN fraction for our parent popula- 
tion of 5,549 galaxies. This method properly accounts 
for the spatially varying sensitivity limits of the Chandra 
obser vations of the E-CDF-S (see Fig. 17 of lLehmer et al.l 
2005). The necessity of this approach is demonstrated in 
Figure El which shows the limiting X-ray luminosity as a 
function of redshift for the entire galaxy sample and the 
measured X-ray luminosities of those galaxies harboring 
AGN. In addition to the Malmquist bias, there is almost 
an order-of-magnitude spread in limiting luminosity over 
the full redshift range. To illustrate these effects, the 
fraction of galaxies that could host a detectable AGN 
with log Lx — 41.9 is ss 23%; this fraction rises steeply 
to « 80% when considering a limiting luminosity of 42.5. 
To account for this selection effect, we determine the con- 
tribution of each AGN separately to the total fraction. 
The AGN fraction (/; see equation [1] below) and asso- 
ciated error (<r; see equation [2]) are a sum over the full 
sample of AGN (N) with N ga i^ representing the number 
of galaxies capable of hosting the ith detectable AGN 
with X-ray luminosity L l x . 



N 



gal,i 



N 



^ N 2 ,. 
4=1 g a U 



(1) 



(2) 



We have calculated the fraction of galaxies harboring 
AGN in bins of color for the entire sample (Fig.[^). Us- 
ing a bin width of A({7 — V) — 0.4, we find that the 
fraction rises from ~ 0% at the bluest colors to ~ 5% 
at U — V ~ 0.4 (i.e., red end of the blue-galaxy popu- 
lation), has a peak in the "green valley" (U — V ~ 0.8) 
with a value of ~ 10%, and then declines to ~ 4 — 5% at 
U — V ~ 1.3 (i.e., along the red sequence). In Tabled 
we list the fraction of luminous {My < —20.7) galaxies 
hosting AGN that we measure for various subsamples of 
galaxies. We note that the AGN fraction in the 'field' 
(i.e., 0.4 < z < 0.63 and 0.76 < z < 1.1) is 5.9 ± 1.0% 
(51 AGN from effectively 1157 galaxies) when consider- 
ing all colors in one bin. Remarkably, the distinct en- 
hancement of the AGN fraction in the "green valley" is 
due to an overdensity of AGN in the redshift interval 
(0.63-0.76) that contains two prominent redshift spikes. 
In Figure [HJd, we show the fraction of galaxies hosting 
AGN in (solid line) and out (dotted line) of this nar- 
row redshift interval. For an intermediate color interval 
0.5 < U — V < 1.0, the AGN fraction within this narrow 
redshift range (solid line) is 12.8 ± 2.9% (21 AGN, 173 




0.7 aa 

Redshift 

Fig. 5. — The full band X-ray luminosity as a function of redshift 
for the 5,549 galaxies in our parent sample. The filled circles are 
the X-ray detections (AGN); the open circles are upper limits. The 
spread of a factor of six in the value of the limits at a given redshift 
is produced by the variations in survey sensitivity with location; 
for a given redshift, the objects with the lowest limits are located at 
the center of each ACIS pointing and those with the highest limits 
are located at the edge of the ACIS array. The horizontal line 
denotes the minimum luminosity for inclusion in our AGN sample. 

galaxies), that reaches ~ 15% at U — V ~ 0.8, while those 
in the 'field' (dotted line) have a fraction of 7.8 ± 2.5% 
(14 AGN, 246 galaxies). The significance of this higher 
AGN fraction in large-scale stuctures is reported here at 
the 2.6cr (> 99%) confidence level based on the differ- 
ence and errors of these measurements. This analysis 
improves upon the significance of enhanced AGN activ- 
ity within large- scale structures previously reported by 
iGilli et all (|2003h . A less conspicuous peak is apparent in 
the 'field' sample though not sufficiently significant given 
the current sample size. We find a n overall higher AGN 
fraction in the 'field', compared to iNandra et al.l (|2007l) . 
by a factor of ~1.8 though a similar relative fraction as a 
function of color (Fig. [6)3; dotted line); the AGN fraction 
appears to be rather flat (~ 6%) across a wide range of 
color (0.3 < U — V < 1.5) that includes the red sequence 
and the valley but then drops off for blue galaxies beyond 
the top (U -V < 0.2) of the 'blue cloud'. 

6. DISCUSSION 

6.1. Global evolution of host- galaxy colors 

It is useful to ask what would be the observed color 
distribution of the hosts of AGN as a function of red- 
shift up to z ~ 1 if we simply assume that AGN reside in 
the most luminous galaxies, and hence the most massive, 
as corroborated by ma ny findings (e.g.. lKauffmann et al.l 
l2003tlBest et al.ll2005l ). Based on t he luminosity fun ction 
of galaxi es from the COM BO- 17 (|Wolf et al.ll200l and 
D EEP2 dFaber et al.l l2006l) surveys, it is evident (Fig. 6 
of iFaber et al.ll2006h that luminous (M B < -21) galax- 
ies at z < 0.6 are predominately red (i.e., early-type). 
At z > 0.6, a transition occurs where the majority of lu- 
minous galaxies are blue (i.e., late-type, star- forming) 
as a result of (1) the order-of-ma gnitude increase in 
the m ean star- formation rate (e.g., [Hopkins fc Beacon! 
I2006D . across all mass scales (e.g., iNoeske et al.l 12007c 



iZheng et al.l 120071 ) . and (2 ) strong depletion of galax- 
ies along the red sequence (|Bell et al.ll2004 l2007t ) up to 
z ~ 1. In Figure[7l we show the distribution of rest-frame 
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TABLE 2 

Fraction of luminous (My < -20.7) galaxies hosting AGN 



Index 


Redshift a 


U-V 


Sersic 


Fraction 


Notes 




range 


range 


indices 


% 






I+II+III 






(? 4 4-ns 

\).*± HI U.O 


r ull sample 


2 


I+II+III 


< 0.5 




4.6 + 0.9 


Blue cloud 


3 


I+II+III 


0.5-1.0 




9.8 ± 1.9 


"Green valley" 


4 


I+II+III 


> 1.0 




6.0 + 1.5 


Red sequence 


5 


I+III 






5.9 ± 1.0 


'Field sample' 


6 


I+III 


0.5-1.0 




7.8 + 2.5 




7 


II 


0.5-1.0 




12.8 + 2.9 


Redshift spikes 


8 


I+II+III 




0-2.5 


1.9 + 0.5 


disks 


9 


I+II+III 




0-1.5 


1.0 + 0.4 


purely disks 


10 


I+II+III 




2.5-8 


10.6 ± 1.7 


bulges 


11 


I+II+III 


< 0.7 


2.5-8 


21.3 + 5.0 


blue spheroids 


12 


I+II+III 


> 0.7 


2.5-8 


7.9 ± 1.7 


red spheroids 



a I: z = 0.4-0.63; II: z = 0.63-0.76; III: z = 0.76-1.1 
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Fig. 6. — Fraction of galaxies (M v < -20.7) hosting AGN as 
a function of their rest-frame optical color (U — V) for the entire 
sample (a). In panel b, we have split the sample into those in 
(solid) and out (dashed) of the redshift interval 0.63 < z < 0.76. 
Errors (ltr) are shown for all values with a slight displacement of 
the dashed set for visual purposes only. A suggestive enhancement 
(~ two X with significance at the 2.6ct level) of AGN activity is ev- 
ident for host galaxies residing in the "green valley" that is mainly 
attributed to activity in large-scale structures. 

U — V colors for redshift-selected galaxy populations in 
our sample. The blue peak (U — V ~ 0) of the luminous 
{My < —20.7) galaxy distribution is most prominent in 
the highest redshift bin (z — 0.76-1.1; dotted histogram), 
while the red peak is more fully populated in the lowest 
redshift bin (z = 0.4-0.63; dashed histogram). 



0.20 



0.15 - 



CD 

t 0.10 



0.05 - 



0.00 



-1 .0 -0.5 0.0 0.5 1 .0 1 .5 2.0 

(U V^) rest — frame 

Fig. 7. — Color distribution of all luminous (My < —20.7) 
galaxies in three redshift intervals (dashed: z = 0.4—0.63; solid: 
z = 0.63-0.76; dotted: z = 0.76-1.1). All have been normalized by 
the number of objects in each interval. 

We plausibly expect to see a similar redshift de- 
pendence in the color distribution of galaxies hosting 
AGN with redshift. Observational evidence does ex- 
ist to support this scenario. Host-galaxy studies, pi- 
oneered by HST, show that early-type galaxies repre- 
sent the majority of the hosts of QSOs at low red- 
shifts (z < 0.3; e.g.. iBahcall et all fl997h . At similar 
redshifts, iKauffmann et al] (|2003l ) demonstrate that the 
hosts of over 20,000 narrow line AGN from the SDSS are 
mainly early- type, bulge-dominated systems. The ma- 
j ority of the most lumi nous, type II QSOs from the SPSS 
(IZakamska et a l. 2006) and radio galaxies (|McLure et al.l 
|2004( ) appear to also have similar early-type hosts. At 
higher redshifts (z > 0.5), there is now evidence that 
a large fraction of AGN hosts have blue colors and 
hence significant st a r formation (I Jahnke et alj I2004U 
ISanchez et all l2004t IWisotzki et all l2006f ). However, 
there is little evidence that the host galaxies of AGN 
resemble the blue, star-forming galaxies that dominate 
the galaxy populat ion at z > 0.8 as pointed out by 
iBarger et al.l (|2003h in reference to X-ray selected sam- 
ples. 

In our sample, the color distribution of luminous 
(My < -20.7) AGN host galaxies in the 'field' (i.e., 
outside the redshift interval containing prominent red- 
shift spikes) appears to support the above scenario. In 
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Figure [31 we see that the distribution (solid histogram) 
has both a red (Fig. 0k) and a blue (Fig. peak for 
the 0.4 < z < 0.63 and 0.76 < z < 1.1 redshift bins, 
respectively; these peaks are coincident with those of 
the underlying galaxy populations (dotted histogram). 
Since the AGN sample is limited in size, this bimodal- 
ity is only evident when considering AGN over a wide 
redshift range and not at each epoch as characteristic of 
the color distr i butio n of large samples of galaxies (e.g., 
Strateva et all 120011: iBlanton et atl |2003t iBalogh et all 
2004 iBaldrv et al J 120061 : ICassata et al.ll2006l ). The col- 
ors of the host galaxies at z < 0.6 are predominately red 
(U — V > 0.7; Figure [3b) and lie on or close to the red 
sequence. Optical spectra are available for five of the 
reddest (U — V > 1.0) AGN host galaxies and each has a 
strong 4000 A break characteristic of an old stellar pop- 
ulation. At higher redshifts (z > 0.8), the AGN 15 are 
more prevalent in blue (i.e., star-forming) galaxies. Nine 
of these high-redshift AGN with U - V < 0.4 have opti- 
cal spectra that confirm that their colors are dominated 
by stellar emission. In Figure [5J we show representative 
optical spectra from our VLT program that are charac- 
terized by weak 4000 A breaks, fairly flat blue continua, 
and no optical signatures of an embedded AGN in all but 
one case (Source # 333). To summarize, we find that the 
color distribution of AGN host galaxies has a redshift de- 
pendency that reflects that of the underlying luminous 
galaxy population. It is also apparent that AGN in the 
'field' (Fig. [Bb; dotted line) are equally likely to reside in 
galaxies over a broad range in color with the exception 
of those at the blue (U — V < 0.2) end. This result sug- 
gests that AGN activity in the 'field' is primarily depen- 
dent on mass 16 , given the strong dependency on observed 
luminosity and weaker in the luminous, blue (i.e., star- 
forming) galaxy population. In § 16. 3i we demonstrate 
that the lack of an AGN-star formation connection only 
applies to disk-dominated galaxies. 

6.2. Enhanced AGN activity in large-scale structures 

The enhancement of gala xies hosting AGN , in large- 
scale structures reported in lGilli et al.1 (|2003f ) and sub- 
stantiated further in this investigation, appears to in- 
dicate the physical scale most nuturing for accretion 
onto SMBHs. The fraction of galaxies hosting AGN 
(Fig. [6Jd) is significantly enhanced within a redshift in- 
terval (0.63 < z < 0.76) dominated by two prominent 
redshift spikes (z = 0.67 a nd z = 0-73) th at are over- 
pop ulated with both AGN dGilli et al.ll2003D and galax- 
ies (jCimatti et aLll2002t lAdami et alj|2005l) . The dimen- 
sions of these structures are estimated to be ~10 Mpc 
in transverse extent 17 and ~ 37 (z — 0.67) and ~ 28 
(z = 0.73) Mpc in depth (R. Gilli, private communica- 
tion). These two structures have been shown ( Gilli et al. 

15 A handful appear to be associated w ith a less prominent red- 
shift spike identified bv lGilli et all <2003) a t z ~ 1.04. 

16 Using equation 2 of Bell et al. (2005), we confirm that esti- 
mates of stellar mass of AGN host galaxies in our sample, based 
on their rest-frame colors, represent the high end of the galaxy 
mass distribution since we find a mean of ~ 1.3 X 10 10 M and 
90% of our sample with M > 3.9 X 10 9 Mip, in agreeme nt with 
optically-selected AGN host galaxies (Sanchez ct al. 2004). 

17 Silverman et al. (2007) demonstrate that both structures do 
extend beyond the central 1 Ms region and provide new measures 
of their angular size. 



120031 : lAdami et alj l2005f) to be varied in their dynam- 
ical state, though both have signs of ongoing collapse 
(jAdami et alj 120051 ). The 'wall' or 'sheet' at z = 0.67 
is described as a loose structure, not yet virialized, and 
with an embedded compact feature, possibly an infalling 
group. The z = 0.73 'wall' is more compact with 
a central dense core due to the pres ence of a cluster 
(|Cimatti et alj|2002t [Gilli et all 120031 ). an d appears to 
have significant surrounding substructure (jAdami et al.l 
[20051) that may eventually collapse into a massive Virgo- 
type cluster in the local universe. The difference in 
galaxy populations within these two structures appears 
to reflect their dynamic state following the well-known 
SFR-density relation: galaxies in the z — 0.67 structure 
(Fig. [3b) are mainly blue while the z = 0.73 structure is 
dominated by red (i.e., evolved) galaxies. 

Most remarkably, the colors of the host galaxies of 
these moderate- luminosity AGN 18 , within the redshift 
interval z = 0.63-0.76, preferentially fall in the "green 
valley" (Fig. 0b)- The color distribution is asymmet- 
ric, with many hosts closer to the red sequence than the 
blue galaxy peak. As evident in Figure [3b, this color 
profile is composed of a broad distribution of galaxies 
residing in the z — 0.67 redshift spike and a more com- 
pact, red (U — V ~ 0.8) group in the z = 0.73 redshift 
spike. It appears that the AGN follow a SFR-density 
type relation similar to the galaxies. In Figure [9j we 
show example optical spectra and HST images of four 
AGN that have z = 0.63-76 and colors placing them 
in the "green valley" . All have no evidence for an em- 
bedded AGN (e.g., H/3 or Mg II emission lines) and a 
relatively mild 4000 A break. The spectrum of source 
#85 is characteristic of an E+A galaxy (i . e., po ststar- 
burst; iDressler fc Gunnl 119831 : iBlake et al.l I2004J ) based 
on the absorption-line strength (EW=6.7 A) of US and 
weak [Oil] emission. E+A galaxies are thought to have 
undergone a starburst phase ~ 1 Gyr ago based on the 
strong contribution from A stars and lack of O and B 
stars indicative of very recent (~ 0.01 Gyr) or ongo- 
ing star formation. This object is only one of fifteen, 
over the full redshift range, that fall within the "green 
valley" and has a spectrum characteristic of an E+A 
galaxy. Therefore, most of these galaxies have not had 
a major starburst episode within 1-2 Gyr in their past. 
Most spectra seem to be characteristic of a galaxy, with 
gradual ongoing star formation, which is best fit by the 
Type 2 and 3 average galaxy templates shown in Figure 
3 of IWolf et al.1 (|2003l ). effectively separating blue and 
red galaxies. A larger sample is required to measure sta- 
tistically the fraction of AGN hosts with poststarburst 
signatures that have been shown to be co mmon in AGN 
from the SDSS ([Vanden Berk et all [2006). We conclude 
that within this narrow redshift interval, containing two 
overdense structures, the enhancement of AGN activity 
within the "green valley" signifies an important link be- 
tween the evolution of SMBHs and their host galaxies 
though not overwhelmingly in poststarburst systems. 

6.3. Optical morphology of AGN hosts 

18 It is worth noting that Georjjakakis ct al. (2007) recently re- 
ported a color-dependency for AGN residing in denser environ- 
ments with rest-frame colors (U — B ~ 0.8) coincident with blue 
galaxies. 
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Fig. 8. — Examples of blue (U — V < 0.4) galaxies hosting AGN at z > 0.8 that have been identified by our VLT/VIMOS observations. 
The HST/ ACS 2850-band images are shown with a log scaling. The optical spectra that cover a wavelength range of 6000—8500 A (right 
colum n) have been binned by 2 pixels. The flux scale is erg cm - ' 
(2005) X-ray catalog. 



A" 1 . The source numbers follow those presented in the ILehmer et al.l 



We highlight the fact that AGN hosts show signs of a 
bimodal distribution i n their colors but n ot in their mor- 
phological properties (|Bohm et al.l 12006). To illustrate, 
we have marked those AGN in Figure [3^ that have a ra- 
dial surf ace brightness profile (i.e., Sersic index, n), pro- 
vided bv lHaussler et all (|2007f ). characteristic of a bulge- 
dominated galaxy (2.5 < n < 8). The Sersic profile of 
a typical disk-dominated (e.g., late-type) galaxy is that 
of an exponential function (n = 1) while that of a bulge- 
dominated galaxy (e.g., early- type) is the r 1 / 4 -law (de 
Vaucoulers profile; n = 4). We find that there are many 
bulge-dominated galaxies with bluer colors (i.e., ongo- 
ing star formation) than a typical red-sequence galaxy 
and there are a few disk-dominated galaxies that are 
red. The HST/ AGS images of the red disk-dominated 
galaxies hosting AGN show that most (5 out of 7 with 
U — V > 1.1) of them are highly- inclined or edge-on spi- 
rals that probably have significant dust extinction. To 
investigate further, we plot in Figure 1101 the Sersic in- 
dex versus rest- frame color (U — V) for our luminous 
(My < —20.7) galaxies and AGN. We further require 
here that the science flag provided by Hausslcr et al. 



(|2007) is 1 for all gal axies that guarantees that GAL- 
FIT (jPeng et alJ 12002) converged; this condition is met 
for 71 of the 85 luminous host galaxies with m orpho- 
logical parameters given in iHaussler etafl (|2007h . The 
rest-frame color distribution of this cleaned sample is 
equivalent to that used in previous analyses since the 
removed hosts span the full range of color. Symbol 
types for the AGN correspond to the three redshift in- 
tervals used throughout this work. First, it is evident 
that the require ment for AGN host gala xies to be bulge- 
domin ated (e.g..[Ka uffmann et al.ll2003| ) continues up to 
z ~ 1 (jGrogin et al.ll2005l ) since 75% have n > 2.5 and 
the fraction 19 of galaxies hosting AGN as a function of n 
sharply rises above this value (Fig.fTTk; Table[2]). Second, 
AGN hosts preferentially become bluer with redshift but 
retain their bulge-dominated morphology. We conclude 
that the blue colors of AGN hosts up to z ~ 1 are not 
indicative of star formation in disk-dominated systems. 

19 The method to determine the AGN fraction (Table [2] Index 
8-12), using our cleaned sample (science flag=l), is described in 
§ [5] with n replacing U — V . 
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It is clear that the fraction of bulge-dominated galaxies 
hosting AGN is higher for those with blue colors (U—V < 
0.7); this is shown in the top left quadrant of Figure [11)1 
We measure the AGN fraction (see Table [2J , as detailed 
in § El and find that 21.3 ± 5.0% of the galaxies with 
n > 2.5 and U — V < 0.7 harbor moderate- luminosity 
AGN. This is over three times greater than that found 
for the entire sample irrespective of color or morphology 
(6.4±0.8%; §0. In contrast, the AGN fraction of purely 
disk-dominated galaxies (n < 1.5) is much lower (1.0 ± 
0.4%). We conclude that blue, bulge-dominated galaxies 
have a relatively-high AGN fraction, possibly due to a 
combination of their massive bulges and gas content. 

We further illustrate the color- morphology of our AGN 
host galaxies by displaying in Figure [12] HST/ ACS color 
images of six AGN host galaxies in the GOODS area 
with n > 2.5 sorted by rest-frame U — V color. Clearly, 
the most prominent feature is the bright bulge for all 
host galaxies. The bluest host galaxy J033213.2-274241, 
seems to be undergoing a merger. It appears that faint 



disks may be prevalent in AGN residing within the "green 
valley" ; this is evident in Figure [9] as well. Star- forming 
substructures may be present in the form of arcs or 
spiral arms in a few host galaxies (J033226. 8— 274145, 
J033246. 4— 275414). For comparison, the bottom right 
panel shows a typical red-sequence elliptical galaxy 
(J033209. 7-274248). In Figure [H we display color im- 
ages of disk-dominated (n < 2.5) AGN host galaxies. 
Bright, star- forming regions are ubiquitous in the form 
of knots that appear to lie within spiral arms in most 
examples. 

We remark that a more thorough analysis of the mor- 
phological structures of these host galaxies and their re- 
lation to the general galaxy population is required and 
beyond the scope of this paper. We highlight the fol- 
lowing complications that are relevant for interpreting 
these results and will be taken into consideration in a 
future analysis: (1) Sersic fits using de Vaucoulers pro- 
files have been shown to have significant uncertainties 
(e.g.. lHaussler et al.ll200l . (2) the presence of an em- 
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Fig. 10. — Morphology— color relation of luminous (My < —20.7) 
galaxies with (large colored symbols) and without (small black 
dots) AGN. The large symbols denote the following redshift ranges: 
z = 0.4-0.63 (blue circles), z = 0.63-0.76 (red boxes), z = 0.76-1.1 
(g reen triangles). Errors (1<t) associated with n are those reported 
in IHaus slcr ct al. (2007). The bar in the upper left corner is the 
mean ±lc error on U — V for the AGN host galaxies. The horizon- 
tal line divides those galaxies that have either a disk-dominated 
(n < 2.5) or bu l ge-dom inated (n > 2.5) morphology as defined 
in IBlan ton ct al. (2003]). The vertical lines highlight the "green 
valley" . 

bedded, optically-faint AGN is likely to affect the mea- 
sure of structural parameters, such as n, (3) accurate 
discrimination between bulge and disk-dominated galax- 
ies is difficult since Sersic indices are kno wn to have sig- 
nifica nt overlap for these populations (e.g. JSargent et aU 
|2006|) , and (4) one must consider redshift-dependent sur- 
face brightness effects. A fair number of AGN host galax- 
ies have intermediate Sersic indices (1.5 < n < 3; Fig- 
ure [10]) and evidence of faint disks as described above. A 
careful consideration of these issue will enable us to assess 
the dependence of host-galaxy morphology with environ- 
ment (Figure [TTb) . There is suggestive evidence that 
Sersic indices of hosts within large-scale structures (Fig- 
ure [TOj red squares) are shifted to lower values (n ~ 3). 
The frequency of bulge-dominated disk galaxies among 
the hosts of AGN may be an important test of merger- 
based evolution models. 

6.4. Are AGN driving the evolution of the general 
galaxy population? 

Numerical simulations (jSpringel et al.ll2005bf ) demon- 
strate that accreting SMBHs may be a necessary ingre- 
dient in the formation of massive elliptical galaxies from 
the mergers of gas-rich spiral galaxies. AGN feedback 
can p otentially suppress star formation (|Di Matteo et al.1 
l2005h a nd drive (i.e., accelerate) galaxies onto the red se- 
quence ([CrotonerS] [200l M°iMns]EJ^\M)M) ■ The 
short timcscales (< 1 Gyr) for an AGN to provide sig- 
nificant feedback to expel t he gas may then inst ill the 
color bimodality of galaxies (Springe l et al.lr2005al ) since 
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Fig. 11. — Fraction of galaxies (My < -20.7) hosting AGN as 
a function of their morphology (i.e., Sersic index n) for the entire 
sample (a). In panel b, we have split the sample into those in (solid) 
and out (dashed) of the redshift interval 0.63 < z < 0.76 as done in 
Figure [6] AGN clearly reside in bulge-dominated (Panel a; n > 3) 
galaxies with those in large-scale structures (Panel b; solid line) 
possibly having a higher fraction with faint disks that effectively 
softens their Sersic index (n ~ 3). 

galaxies with intermediate colors are thought to be evolv- 
ing rapidly. Strong observational evidence supporting 
this scenario has been elusive. We now explore whether 
our AGN sample with well determined host colors and 
luminosities offers further insight into the AGN-galaxy 
connection. 

The color distribution of AGN host galaxies in our 
study further substantiates the aformcntioncd model of 
galaxy evolution. The fraction of galaxies harboring 
AGN is significantly enhanced (Fig. [6]) in the "green 
valley" , a region on the color-magnitude diagram where 
galaxies are thought to migrate from blue to red. This 
higher incidence is associated with galaxies residing in a 
redshift interval 0.63 < z < 0.76 dominated by two large- 
scale structures that are overdense and have an ongoing 
assembly of substructure (i.e., galaxy groups and clus- 
ters). Within this same redshift interval, the color dis- 
tribution of the underlying galaxy population (Fig. [7]) has 
rapidly evolved as shown by (1) a significant reduction in 
the numbers of blue galaxies, a dominant population at 
higher redshifts (z > 0.76), (2) a redward shift of the blue 
peak, and (3) a dramatic emergence of a red sequence 
compared to previous epochs (0.76 < z < 1.1; dotted 
line). This narrow redshift interval (0.63 < z < 0.76), 
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Fig. 12. — Color HST/ ACS postage-stamp images of bulge-dominated (n > 2.5) host galaxies located in the GOODS region. Colors 
correspond to ACS -B435 (blue), V606 (g reen )i an d Z850 (red) bandpass images. In each postage-stamp image, we indicate the source name 
(top), the redshift and rest-frame U — V color of the galaxy (lower right), and a vertical line of length 1.5" for scaling reference. The images 
have been sorted by rest-frame U — V color such that the bluest source is located in the upper left panel and the reddest source is shown 
in the lower right panel. 



with an elapsed time of 0.73 Gyr, offers a compressed 
window of the more passive galaxy evolution that occurs 
over longer timescales of ~5 Gyr (0.4 < z < 1.1) as illus- 
trated in Figure [3}x 

In addition, numerical simulations demonstrate that 
the color evolution of a me rger event slows upon ap- 
proach to the red sequence (|Springel et al.1 l2005a|) . In 
Figure 1 141 we show the color-magnitude relation for 
galaxies and AGN within the redshift interval 0.63 < z < 
0.76 with the evolutionary tracks of mergers, including 
SMBH feedback, with virial velocity u vir =113, 160 , 226, 
and 320 km s" 1 overplotted (|Springel et al.ll2005af ). The 
fact that these models do not account for dust redden- 
ing should not severely impact our subsequent findings. 
Here, we use SDSS photometric bands (u, r) to utilize 
these models and have converted the photometry to the 
Vega system. To account roughly for redshift evolution 
from z ~ 0.7 to the present, we have shifted the model 
magnitude M r by — 1 base d on values given f or in the 
literature (see Table 5 of iFaber et al.ll2006l ). The evolu- 
tionary tracks have ages up to ~5.5 Gyr 20 with the first 

20 It is just a coincidence and most likely of no physical signifi- 



data point corresponding to 1 Gyr after the initial star- 
burst phase. Based on these model curves, over 1 Gyr has 
elapsed since the starburst phase concluded for almost all 
AGN hosts. The majority of AGN hosts cover a broad 
range of age between 1-4 Gyr and virial velocity between 
113 and 226 km s _1 . As shown in Figure [Mj a large 
fraction of the merger sequence (t « 2-4 Gyr) is spent 
on approach to the red sequence that should impart an 
asymmetry in the color distribution of the hosts of AGN. 
In FigureUJa, there may be signs of this since the distribu- 
tion is skewed with many hosts falling near the blue edge 
of the red sequence, although a larger sample is required 
to a make a definitive claim. This effect coupled with our 
sample size may explain the small numbers of host galax- 
ies with clear poststarburst (t < 1-2 Gyr) signatures in 
their optical spectra (Fig. [9]). We further speculate that 
the AGN hosts, situated at the entrance to the red se- 
quence, may either redden with age or further merge with 
galaxies already on the red sequence (i.e., 'dry mergers'; 

cance that these large-scale struc tures in the CDF-S are present at 
2 ~ 0.7, a redshift sing led out bv lSprineel et al.l l !2005al) . as a pos- 
sible formation epoch of elliptical galaxies based an elapsed time 
of 5.5 Gyr to complete a merger sequence. 
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Ivan Dokkum et all 120051: iBell et all I2006D in rich envi- 
ronments that can effectively move them to redder colors 
and high luminosities/masses since there are few massive 
(u v i r > 226 km s _1 ) and luminous progenitors that could 
populate the luminous end (M r < —22.5) of the red se- 
quence. We conclude that the color distribution of AGN 
hosts further substantiates a coevolution scenario due to 
mergers and interactions that are effectively nurtured in 
~ 10 Mpc scale structures. 

The role of major mergers in triggering AGN has 
met observational scrutiny even up to z ~ 1, where 
the merger rat e is expected to b e higher. Morpho - 
logical studies (jGrogin et al.l 120051 : iPierce et all l2007h 
have yet to find X-ray selected AGN at z > 0.5 in 
such di sturbed systems. H ere, we confirm the find- 
ings of iNandra et al.l {2007) that hard (i.e., obscured) 
AGN do not populate a distinct region of the color- 
magnitude diagram as predicted by numerical simula- 
tions of merging gal axies that trigger a pr e-quasar (opti- 
cally hidden) phase (Ho pkins et al.l 12005). We have fur- 
ther marked those AGN in Figure [3] with hardness ratios 
HR = (H — S)/ (H + S) indicative of X-ray absorption 
(HR > -0.2; T = 1.9 with A H = 10 22 cnT 2 at z = 0). 
The hardness ratio is a measure of the relative numbers 
of observed X-ray counts in the soft (S; 0.5-2.0 keV) 
and hard (H; 2-8 keV) energy bands. We see that hard 
sources are present over a wide range of rest-frame colors. 



This is not unexpected since AGN ar e known to usu- 
ally have parsec-scale molecular tori ([Antonuccil 1 19931 ) 
with substantial absorbing columns that bear no rela- 
tion to the presence of star formation. The lack of merg- 
ers may reflect the limited sample used to date, since a 
pair of galaxies undergoing a major merger at z ~ 0.7 
may only be resolved by HST fo r less than ~1 Gyr o f 
the merger cycle (see Fig. 11 of ISpringel et al"]|2005bl) . 
As is evident in Figure [TU the galaxy samples in the 
E-CDF-S are severely limited for the region on the color- 
magnitude diagram likely to have merger events between 
massive (w v ir > 160 km s _1 ) galaxies on a timescale of 
~1 Gyr after the initial starburst has ended. Three hosts 
out of our entire sample of 109 AGN are located on the 
color-magnitude diagram in a region with v v - lr > 160 km 
s _1 and r < 1 Gyr which may be indicative of a major 
merger. As shown in Figure fl4b. one (#66) of them falls 
within our narrow redshift interval 0.63 < z < 0.67 with 
M r = -23.47 and u - r = 0.32. In Figure Ef), we show 
the HST V606-band image that exemplifies a complex 
morphology in the nuclear region and tidal features on 
scales of ~10 kpc (1" = 7.1 kpc at z = 0.69) that most 
likely arise from a major merger of massive galaxies. A 
second example (J033213. 2— 274241), shown in the top 
left panel of Figure [T^l a ls° shows signs of interaction. 
We surmise that larger area HST s urveys of deep extra- 
galactic fields, such as COSMOS (|Scoville et all f2006h 
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Fig. 14. — (a) Color-magnitude relation of galaxies (0.63 < z < 
0.76) associated with large-scal e structures and AGN -influenced 
model evolutionary tracks from Sprinecl ct al. (2005a). Galaxies 
hosting AGN are further marked by an open circle. Theoretical 
data for merging galaxies is overplotted for galaxies with virial 
velocities as shown. The large filled circles start from 1 Gyr after 
the inital starburst phase and each spacing corresponds to 0.5 Gyr. 
(b) HST V606-band image of source #66 (zphoi = 0.69; Lx = 
1.5 X 10 42 erg s _1 ) that is the only AGN host galaxy shown above 
(M r = -23.47; u - r = 0.32; n = 3.56 ± 0.018) with a possible 
merger timescale less than 1 Gyr. 

with an area coverage of 1.8 deg 2 (5.4 x the area of the 
E-CDF-S) will provide improved statistics to assess ade- 
quately the role of mergers in triggering SMBH accretion. 

Finally, we note an alternative to the merger scenario 
in which galaxies may be more favorable to AGN activity 
simply due to the presence of a massive bulge and disk 
that provide the two required ingredie nts (i.e., a SMBH 
and a reservoir of gas for accretion; [Kauffman n et aT] 
2006). This is possible since a high fraction (~ 21%) 
of blue spheroids (n > 2.5; U — V < 0.7) host moderate- 
luminosity AGN and there is a slight enhancement of 
AGN activity in the 'field' for galaxies in the "green val- 
ley" (Fig. [Bb; dotted line). HST images of host galaxies 
residing within the "green valley" (Fig. O appear to have 
bulges and faint disks. If this were the case, however, we 



would then not expect such a strong increase in the AGN 
fraction as a function of environment. 

7. SUMMARY 

We identified a sample of 109 X-ray selected AGN 
in the E-CDF-S with moderate luminosities (41.9 < 
log Lo. 5-8.0 kcV < 43.7) to investigate the rest-frame col- 
ors of their host galaxies. These AGN have been selected 
from a parent sample of 5,549 galaxies from COMBO-17 
and GEMS with 0.4 < z < 1.1. Optical spectra are 
available for 48% of the sample; these provide assurance 
of the accuracy of the photometric redshifts and show 
that no strong AGN signatures are present, confirming 
the stellar nature of their rest-frame colors. 

We find that the broad distribution of host-galaxy 
colors of moderate- luminosity AGN is due to both (1) 
the strong color evolution of the underlying luminous 
(My < —20.7) and bulge-dominated (n > 2.5) galaxy 
population and (2) an enhancement of AGN activity in 
large-scale structures. We draw the following three main 
points: 

• The host galaxies of X-ray selected AGN have a 
color bimodality when excluding a redshift interval 
0.63 < z < 0.76, which contains two redshift spikes 
at z = 0.67 and z = 0.73. Galaxies hosting AGN 
at z < 0.6 are preferentially red with many falling 
along the red sequence. At z > 0.8, a distinct, blue 
population of host galaxies is prevalent with colors 
similar to the star-forming galaxies. 

• The fraction of galaxies hosting AGN has a promi- 
nent peak in the "green valley" that is primarily 
due to enhanced AGN activity in large-scale struc- 
tures. Within the redshift interval 0.63 < z < 0.76, 
the AGN fraction reaches a peak value of ~ 15% at 
U-V ~ 0.8. Over the color interval 0.5 < U- V < 
1.0 we find the AGN fraction to be 12.8±2.9%, sig- 
nificantly (2.6ct) higher than that measured in the 
'field' (i.e., over all other redshifts; 7.8 ± 2.5%). 

• We find that AGN continue to preferentially reside 
in luminous bulges up to z ~ 1. A large fraction 
(75%) of AGN host galaxies with M v < -20.7 have 
Sersic indices n > 2.5, even those at z ~ 1 that 
primarily have blue rest-frame colors. Blue, bulge- 
dominated galaxies (n > 2.5, U — V < 0.7) are most 
hospitable for AGN activity based on a measured 
AGN fraction of 21.3±5.0% (four times the fraction 
of the 'field' sample) . 

The overabundance of AGN associated with the red- 
shift spikes found in the E-CDF-S and their special lo- 
cation in the color-magnitude relation highlight the im- 
portance of environment, on large scales (~ 10 Mpc), 
to influence the evolution of AGN and their host galax- 
ies. The richness of these structures (i.e., galaxy over- 
densities, group/clusters in early stages of formation) al- 
ludes to mergers as a dominant mechanism to trigger 
AGN activity, quench star formation and to drive sub- 
sequent migration of galaxies from the blue cloud to the 
red sequence. We compare the color-magnitude relation 
of our AGN host gal axies with evo l utionar y tracks of 
merging galaxies from ISpringel et~aTl (|2005af ) that incor- 
porate AGN feedback. Our AGN host galaxies have col- 
ors and morphologies (i.e., bulge-dominated) indicative 
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of evolved systems that had undergone a starburst phase 
ss 1-4 Gyr, and a possible major merger before being 
observed. These timescales qualitatively agree with op- 
tical spectra that do not show overwhelming starburst 
signatures. These timescales also naturally explain why 
so few X-ray selected AGN host galaxies appear to be 
undergoing major mergers. Larger area HST imaging 
surveys such as COSMOS will statistically sample these 
rare events with timescales less than 1 Gyr. 

The E-CDF-S is a unique survey field with a fortunate 
alignment of large-scale structures for such studies. Our 
findings exemplify the complexities that must be disen- 
tangled to determine underlying relationships between 
AGN and their host galaxies. Much optical and near- 
infrared followup is forthcoming in the E-CDF-S that 
will further our understanding of the connection between 
coevolution of AGN and galaxies. 
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